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Abstract--It is proposed that he basic cell functions are associated with asymmetric structures. This 
is exemplified by three cell systems: The transduction f extracellular, molecular signals into intracellular 
responses bythe cellsurface membrane; the two main steps in gene xpression, the synthesis ofmessenger 
RNA and of cell proteins; the conversion f metabolic energy into mechanical work in muscle contraction. 
Asymmetry may be a requirement forthe dynamics offunctional ctivity. In some instances, e.g. muscle 
contraction, the asymmetry of individual functional units is compatible with an organization f multiple 
cooperative units into symmetric patterns. 
Symmetry is one of the concepts that satisfy the search for a simplified representation f nature. 
During some periods, symmetry has been a principle not only of rational understanding but 
also of aesthetic beauty[2]. The value of the concept of symmetry for the analysis of inanimate 
systems is demonstrated in the articles in this volume. 
Attempts to introduce symmetry into biology as an explanatory concept are not lacking. 
One of the outstanding examples is the treatment of symmetry by D'Arcy Thompson [13, pp. 
357-443]. In Thompson's thought, symmetry indicates a thermodynamic state of equilibrium 
in living systems. In this sense, the concept of symmetry may be useful in the description of 
the end products of biological processes such as protein molecules, the organization of structural 
filaments, pigment patterns, or the forms of whole organs and organisms[9]. 
As a thesis that we will develop here: it is proposed that the processes that maintain the 
structure and function of cells, the basic units of living matter, depend on an asymmetric 
organization of cellular macromolecules. This is suggested by the following description of, (1) 
cell surface membranes, (2) the main phases ofgene expression and (3) the biological conversion 
of metabolic energy into mechanical work. 
Before discussing these parate cellular systems, it may be appropriate to survey briefly 
the overall organization of a generalized cell type as indicated in Fig. 1. All cells are nveloped 
by a very thin cell surface membrane that is described in more detail in the next section of this 
paper. The cell surface of some cells shows multiple protrusions, microvilli, for more efficient 
uptake of nutrients. Various forms of cell surface invaginations indicate processes for inter- 
nalization (endocytosis, pinocytosis, phagocytosis) of surface bound molecules or engulfed liquid 
or solid material. Much internalized material is degraded in special organelles, the lysosomes. 
The degradation products can be used for resynthesis of cell specific macromolecules or for 
metabolic energy production. 
One type of the internal membranes, the endoplasmic reticulum, translocates newly syn- 
thesized proteins to another membrane compartment, the Golgi complex. From the Golgi com- 
plex, the proteins are carried to the cell surface and become integral membrane constituents 
interacting with hormone type substances and with cellular and non-cellular surfaces. 
Alternatively, the proteins are secreted into the extracellular space including the circulation 
and the intestines of animals and function there as hormones and digestive nzymes. In both 
membrane compartments some proteins are modified by addition of carbohydrate groups that 
are determinants of protein specificity, e.g., in the establishment of specific blood groups. 
Other membranous organelles are the main energy producing units of the cell. Particles 
known as mitochondria produce from metabolic sources the reactive adenosine triphosphate 
molecule that is a general energy donor for cellular function. In plant cells, chloroplast particles 
use light for conversion of carbon dioxide and water into starch that is used as a source of 
metabolic energy. A network of protein filaments (not indicated in Fig. 1) is associated with 
the cell surface membrane and internal membrane organelles aiding the translocation of the 
latter. 
The genetic information system is located in the cell nucleus. In bacteria nd related cell 
forms, known as prokaryotes, the genetic material is not segregated from the rest of the celt. 
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Fig. 1. A three dimensional schematic representation of he distribution f the main components of a cell of 
higher animals. A network of filaments, the cytoskeleton, found throughout the cytoplasm and in particular 
near the surface membrane and the nuclear envelope are omitted in the drawing. AV, autophagic vacuole; C, 
centriole; CH, chloroplast; CI, cilium; CR, chromatin; DV, digestion vacuole; F, filaments: G, glycogen; GA, 
Golgi apparatus; GE, GERL; JC, junctional complex; LD, lipid droplet; M, mitochondrion; MT, microtubules: 
MV, microvillus; N, nucleus; NU, nucleolus: P, peroxisome; PL, primary l sosome; PM, plasma membrane; 
PV, pinocytic vesicle; R, ribosomes and polysomes; RB, residual body; RER, rough endoplasmic reticulum: 
SC, extracellular coat (as drawn, "basal lamina"); SER, smooth endoplasmic ret ulum; SC. extracellular coat 
(as drawn, "basal lamina"); SER, smooth endoplasmic reticulum: SV, secretion vacuole. The organelles have 
been drawn o ly roughly to scale. Also, the sizes and relative amounts of different organelles can vary con- 
siderably from one cell type to another. For example, only plant cells show chloroplasts. (From Cells and 
Organelles, Third Edition by Eric Holtzman and Alex Novikoff. Copyright © 1984 by CBS College Publishing. 
Reprinted by permission f CBS College Publishing.) 
In other cells, those of unicellular protists and of plants and animals, the genetic material is 
separated from the rest of the cytoplasm by a membrane, the nuclear envelope. 
The genetic information is stored in the double helical strands of DNA. By association 
with proteins, the DNA forms more complex structures, the chromosomes, and is supported 
by a network of protein filaments, the nuclear matrix. 
The distribution of the cell structures represented in Fig. 1 changes continuously in response 
to the stimuli that reach the cell and require functional adaptation. Thus, the organization of a 
cell is in a highly dynamic state. Fixation of the cell structure shows no indication of a distinctive 
symmetry in the distribution of the cellular elements. However, most of the cell components 
interact with each other in a highly specific manner. Therefore, it is not appropriate to define 
cell organization as a form of random distribution. We will now pursue the topic of cellular 
asymmetry by the description of the three particular cell systems mentioned earlier. 
I. ASYMMETRY OF THE CELL SURFACE ORGANIZATION 
A cell of average size (20 microm, dia.) is separated from its surroundings by a membrane 
of less than 10 nm, that is 1/2000 of the cell diameter. If an imaginary cell were the size of a 
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classroom 20 m long, the cell surface membrane would be only 1 cm thick. The membrane 
must have sufficient cohesive strength to maintain its continuity as a surface cover and boundary. 
At the same time, the membrane fulfills the role of mediator between the extracellular and 
intracellular compartments and it is perhaps the most multifunctional cell organelle. 
A sequestration f small volumes from the bulk of the primeval ocean was probably one 
of the main conditions for the evolution of life. The confinement ofmacromolecules in a limited 
space must have facilitated the interactions of serial enzymatic processes for production of 
metabolic energy (ATP) and the use of some primitive genetic information system for the 
synthesis of macromolecules and their assembly into cellular structures. A cell surface membrane 
averts the influx of harmful material into the cell, prevents the loss of macromolecules from 
the cell and maintains favorable concentrations of ions and essential nutrients. It becomes the 
site of receptors for extracellular gents such ashormones, neurotransmitters, immune proteins 
and for the conversion of molecular signals conveyed by these agents into activation of intra- 
cellular targets. Finally, the surface membrane mediates the adhesion of many unicellular 
organisms to solid substrates. The surface membranes of the same or of different types of cells 
interact with each other in forming tissues and organs in the course of embryonic development 
and in rejecting immunologically incompatible material. 
The results of numerous and diverse investigations indicated that the cell surface membrane 
consists of a lipid and a protein component and several models were suggested to account for 
the experimental findings. Eventually a model was proposed that accomodated theoretical con- 
siderations, analytical data and electronmicroscopi bservations. This model became known as 
the "Fluid Mosaic Model of the Structure of Membranes" (Fig. 2)[ 10]. The basic theoretical 
requirement for the macromolecular o ganization in this model is the state of minimal free 
energy. The main structural component is a lipid double layer in which the polar hydrophilic 
groups of the lipid molecules are oriented toward the outside and the apolar hydrophobic groups 
are turned to the inside of the layer. A reduction of free energy is achieved in three phases of 
lipid assembly. The first reduction of free energy, and hence, the driving force in the formation 
of the lipid double layer is the exclusion of the hydrophobic portion (fatty acid chains) from 
the aqueous phase by the strong interaction of water molecules. Secondly, the weak interactions 
between the hydrophobic non-polar groups lead to the closer or looser alignment of these 
extended portions of the lipid molecules, depending upon the degree of saturation or unsaturation 
of fatty acid chains. As a third component in the reduction of free energy, the polar heads of 
the lipid molecules interact with the water phase and contribute to the orientation of the lipids 
in the formation of the bilayer. 
The fluid state of the lipid layer has been inferred in studies which have determined the 
transition temperature of the lipid phase from the paracrystalline on-fluid condition to a viscous 
state. Temperatures which are compatible with the life of the cell are above these transition 
temperatures; therefore, the lipids can be expected to be at least in part in a fluid state. Direct 
evidence for the fluid state of the membrane lipids is mainly derived from direct measurements 
of the lateral translocation of the membrane macromolecules. Rotatory and oscillatory motion 
of membrane molecules i determined by interpretations of nuclear magnetic resonance spectra, 
electron spin resonance spectra or fluorescence polarization. 
Although most schematic drawings of surface membrane models give the appearance of a 
symmetric distribution of lipid molecules, an actual enzymatic analysis shows an symmetric 
distribution of the different lipid types in the outer and inner leaflet of the membranes[ 15]. For 
example, in the erythrocyte membrane, the outer layer is greatly enriched in phosphatidylcholine 
and sphingomyelin and contains only a small amount of phosphatidylethanolamine. In contrast, 
phophatidylethanolamine and phosphatidylserine ar the prevalent lipids in the inner layer. This 
shows a far reaching, though not absolute asymmetry in the distribution of the different classes 
of lipids in the membrane. Also, we have to consider that the lipid distribution is the result of 
a dynamic state. The lipid molecules move within the plane of their respective l aflet and there 
is some exchange, greatly enhanced by certain membrane proteins, of lipid molecules between 
leaflets. Parts of the membrane, including the lipids, are internalized. This shows that the 
asymmetry is not the result of a static equilibrium but of a dynamic state. Possible shifts in the 
proportions of the lipid classes in the two lipid layers may be related to changes in cell shape. 
According to the Fluid Mosaic Membrane model, the major portion of membrane proteins 
are intercalated into the lipid layer. By definition these are proteins which are removable from 
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Fig. 2. A schematic crossection (a) and a three dimensional representation (b) of the molecular organization 
of a cell surface membrane according to the Fluid Mosaic Model. The drawings how the phospholipid molecules 
with their polar, hydrophilic heads oriented outward and the hydrophobic apolar tails oriented towards the interior 
of the membrane. The two layers are asymmetrical because they contain widely differing quantities of the main 
classes of phospholipids. Also, the drawings indicate the asymmetric disposition of the protein molecules in 
the membrane. Some proteins occupy only one half of the membrane. Of these proteins each class occupies 
only the outer or the inner half of the membrane. Therefore, the two halves of the membrane have qualitatively 
different protein populations. Another group of proteins, the transmembrane proteins, spans the entire width of 
the membrane. These proteins are asymmetrical because their polar groups that protrude on the inside or the 
outside of the membrane differ in amino acid composition and in the three dimensional conformation and 
functional role. (Reproduced from Science with permission from Professor S. J. Singer and the American 
Association for the Advancement of Science.) 
membrane preparations only by drastic procedures such as treatment of the membrane with 
detergents. In attempting an isolation of such proteins, it is difficult to remove associated lipids. 
Subsequent analyses of the amino acid sequences in these proteins shows clusters of apolar 
amino acids which form hydrophobic regions in the peptide chain and interact with the apolar 
portion of the lipid molecules• The proteins which are so firmly embedded into the membrane 
have been designated as integral proteins• The integral proteins can be intercalated in the outer 
or the inner lipid layer with the polar groups exposed either on the outside or the cytoplasmic 
side of the lipid layers, respectively• The classes of integral proteins are asymmetrically dis- 
tributed and each class is found only in the external or the internal portion of the cell surface 
membrane[ 11 ]. Other integral proteins span the entire width of the double lipid layer. The polar 
groups of this class of proteins are exposed on both sides of the membrane• Many external 
integral proteins carry chains of carbohydrates (e.g. acetylglucosamine, galactosamine, fucose, 
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sialic acid) which contribute to the specificity of cell surface receptors inthe binding of molecules 
from the cell environment. 
In addition to the asymmetric distribution of cell surface constituents on the inside and 
outside of the membrane, most membrane macromolecules are highly asymmetric structures. 
The lipid molecules form, with the apolar part of their structures, the hydrophobic membrane 
layer. With their other polar portion, these molecules extend into the hydrophilic layers of the 
membrane. The same type of asymmetry holds for most proteins that are firmly embedded into 
the lipid layer of the membrane and contribute to the organization of the membrane layers. As 
pointed out earlier, these proteins function as intracellular enzymes or mediate specific inter- 
actions with extracellular proteins uch as immunologically active substances, or induce ag- 
gregation with other cells. 
Equally distinctive asymmetries are observed in transmembrane proteins that have two 
polar hydrophilic portions extending into both the outer and inner hydrophilic membrane layers. 
These transmembrane proteins have two important functions. They form structures that transfer, 
through the lipid layer, ions and other small hydrophilic molecules uch as sugars and amino 
acids and they bind hormone-type substances. The binding reactions i duce a conformational 
change in the transmembrane molecules that are directly or indirectly (e.g., by activation of 
phosphorylations) transmitted to the cell interior and elicit there a wide variety of responses. 
In all these transmembrane proteins, the external binding sites that react with ions or hormones 
differ from the internal binding sites with which they interact with other cell constituents. These 
differences in the functional role of the external and internal portions of the transmembrane 
molecules indicate the marked asymmetry in their structure. This is illustrated here for two 
transmembrane receptors that have been extensively analyzed (Fig. 3(a-b))[3,12]. 
As a last but important example, we should realize that the system of enzyme proteins 
that convert metabolic or light energy into adenosine triphosphate (ATP), the principal energy 
donor for cellular function, are asymmetrically located on either the outside or the inside of 
certain cellular membranes and includes highly asymmetric transmembrane prot ins (ATPases). 
2. ASYMMETRIES IN THE GENETIC INFORMATION SYSTEM 
The genetic information that specifies the cellular properties i contained in the well known 
DNA double helix. This is a structure in which two long DNA molecules (up to a few cm/ 
single DNA strand) are wound around each other. Each of the two molecules consists of purine 
and pyrimidine bases, each covalently linked to deoxyribose and a phosphate group. These 
base-sugar-phosphate complexes are the nucleotides. In one DNA molecule many nucleotide 
molecules are tied to one another by ester links between the phosphate group of one nucleotide 
and the deoxyribose f the next nucleotide. The two long strands of nucleotides are held together 
by hydrogen bonds between the purine and pyrimidine bases of two separate DNA strands. 
Different combinations oftriplets of successive nucleotides within one of the two DNA molecules 
specify the use of a particular amino acid in the synthesis of proteins. However, this information 
is not directly used. The sequence of nucleotides encoding acertain protein in the DNA functions 
initially as a template for the enzymatic synthesis of a ribose nucleic acid molecule (RNA) with 
a nucleotide composition that is complementary to that of the DNA sequence. The RNA is 
modified in the cell nucleus and is eventually transferred to he cytoplasm where it becomes 
the template for alignment of amino acids in the synthesis of specific protein molecules. This 
latter process, known as translation, is described in more detail in one of the following sections 
(Asymmetry in the translational phase of gene expression). 
Asymmetry ofthe linear nucleotide alignment 
In the genetic information system asymmetries arise on several levels of organization. First, 
the genetic information is asymmetrically distributed within a single DNA strand. We can think 
of a long thread or ribbon with single lines of words from a novel printed on it in linear 
succession. Obviously, there is no symmetry in such printed material itself. In addition, regions 
expressing enetic information (exons) alternate asymmetrically with regions that are not ex- 
pressed (introns) and may have regulatory functions. It has to be mentioned at this point that 
the distribution of genetic information is not necessarily throughout as heterogeneous a  the 
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Fig. 3. The two dimensional ppearance and the approximate location of two protein receptor molecules in the 
surface membrane of a bacterial (a) and an animal (b) cell. The bacterial receptor binds chemotactic attractants 
and repellents at its external portion. This interaction induces a conformational change of the molecule that is 
transmitted to the interior portion of the molecule and initiates there a methylation of the inner portion of the 
molecule. This modification triggers, in turn, a mechanism that controls the flagellar beat and with it the 
swimming response of the cell to the initial stimulus. The animal receptor molecule is a subunit of a complex 
that binds acetylcholine. This substance is release at the terminals of stimulated neurons. The binding to the 
receptor induces again a conformational change that is tr nsmitted toanother subunit of the complex and increases 
the ion flux through the membrane. The structural and functional differences in the outer and inner portions of 
the two transmembrane receptor molecules gives them a highly asymmetric character. (Fig. 3(a) reproduced 
from J. Biol. Chem. with permission from Professor D. E. Koshland and the Am. Soc. Biol. Chem., Fig. 3(b) 
reproduced from Proc. Nat. Acad. Sci. with permission from Professors J. Finer-Moore and R. M. Stroud and 
the Nat. Acad. of Sci.) 
print in a book.  A port ion of  the genetic information system consists of mult iple repeats of  the 
same nucleot ide sequences (Repetit ive DNA).  In this case, certain symmetr ies  exist between 
identical port ions of  the DNA molecule.  
An  addit ional  source of  asymmetry  is the association, at one end of  each of  the DNA 
segment  that encode one protein type, with a nucleot ide sequence that is the signal for the 
beginn ing of  the enzymat ic  process that produces an RNA molecule as the template used in the 
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synthesis or proteins in the cytoplasm. At its other end, this DNA segment has a different 
nucleotide sequence that signals the termination of this template production. The genetic in- 
formation for the production of a single protein is thus asymmetric not only by virtue of its 
heterogeneous content but also because ach coding DNA has different regulatory nucleotide 
sequences atthe initiating and terminating sites in the transcriptive phase of gene expression[6,8]. 
Asymmetries at the level of chromosomal organization 
In the cell, the DNA is combined with several types of proteins, primarily histones. This 
organization is known as a chromosome. The cells of eukaryotic multicellular organisms can 
have from two to about eighty such chromosomes that are separated from the rest of the cytoplasm 
by a nuclear envelope. Within this envelope, the chromosomes are folded in highly irregular 
fashion without indication of symmetry[I,5]. The entire set of chromosomes i known as 
chromatin. 
The replication process itself is asymmetric with the two DNA strands in one double helix 
being processed in different ways. One of the strands is replicated by an enzyme complex in 
a continuous fashion; the other DNA strand is replicated by another set of enzymes in a 
discontinuous fashion. 
The replicated chromosomes are separated from each other in a process known as mitosis. 
As a first step in this process, the extended chromatin threads of the non-dividing cell are 
transformed into compact metaphase chromosomes that are readily visible in the light micro- 
scope. During this period there exists symmetry of the two sets of chromosomes. However, 
frequently the result of such a replication is again asymmetric. One of the two daughter cells 
may continue to replicate. The other daughter cell leaves the division cycle and transforms into 
a non-dividing specialized cell type, 
Asymmetry in the translational phase of gene expression 
The last phase in the conversion of genetic information into cell constituents occurs in the 
cytoplasm of the cell. The messenger RNA that contains the code of nucleotide triplets for the 
alignment of amino acids attaches to specific sites on particles, that are the structural center for 
the covalent linking of amino acids into proteins. These particles are known as ribosomes. 
In an initial phase of ribosome analysis, the prokaryotic and eukaryotic ribosomes were 
defined as particles edimenting at 70-80S respectively, each consisting of two subunits. The 
protein components of the subunits were identified and amino acid sequences were established. 
The ribosomal RNAs are among the most intensively studied cell components. Not only sequence 
and structural characteristics but transcription and processing analyses provide a remarkably 
complete picture of these molecules. 
The difference in ribosomal composition is often regarded as one of the characteristics that 
separate prokaryotes and eukaryotes. However, if we consider the complexity of the ribosomal 
particle and the numerous steps in the translational process that depend on the particular structural 
properties of the ribosome, the similarities between the translational processes in the two types 
of organisms eem great and the dissimilarities less significant. Therefore, our account does 
not give a separate treatment of prokaryotic and eukaryotic translation. 
The surface of these particles has sites for attachment of messenger RNA and of transfer 
RNA. There is a specific transfer RNA for each amino acid. The amino acids are translocated 
from the extracellular space to the cytoplasmic side of the cell surface by special protein carriers. 
An enzyme complex on the inside of the cell surface membrane covalently links the amino 
acids to transfer RNA. In the presence of additional protein factors and enzymes, one portion 
of the transfer RNA-amino acid complex attaches to a special site on the ribosome. Another 
portion of the complex attaches to he messenger RNA. The nucleotide triplet in the messenger 
RNA specifies the transfer RNA and at the same time the amino acid that is to be inserted at 
this point into the nascent protein molecule. In the jargon of the molecular biologist, we are 
speaking of the triplet on the transfer RNA as the anticodon. 
Each ribosome has two sites for the binding of transfer RNA-amino acids. After the second 
complex has been bound, the amino acid at the first site is removed from its RNA carrier and 
is linked to the amino acid in the second site. The amino acid free transfer RNA at the first 
site is released and the complex at the second site is moved to the first site. This entire process 
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is repeated, linking again and again single amino acids to the growing amino acid chain that 
eventually completes a protein molecule. 
We are dealing here with a complex process that effects the actual synthesis of the protein 
molecule with its specific properties from a great number of small building blocks, the amino 
acids. For us it is important to see whether this process requires a symmetric or asymmetric 
organization of the ribosomal particle as the main mediator of this process. In describing here 
the ribosomal particle we will follow recent reviews of the overall structures of the molecular 
organization of the ribosome[7,14]. 
Each ribosomal particle consists of proteins and RNAs. The RNAs in the ribosomes 
differ from messenger and transfer RNAs. They are practically identical in all higher organisms 
and diverge only slightly from the corresponding molecules in the ribosomes of bacteria. Such 
a constancy of composition usually indicates that the respective molecules have a specific and 
important role in evolution that does not permit divergence from the established molecular 
specification. For the same reason, the ribosome proteins are also very similar. 
Electronmicroscopic observation presents a direct representation of the ribosome structure, 
although preparative procedures can introduce onsiderable structural distortions. Despite such 
shortcomings, electronmicroscopy reveals certain basic features of the ribosome particle. It 
consists of two subunits. The smaller subunit is described as a prolate asymmetric particle with 
approximate dimensions of 23 x 11 nm. The larger part of this subunit is a flattened oval body 
that is connected by a narrowing portion to a more globular head. 
The larger subunit is a hemispherical body of about 23 nm diameter with a flattened bottom. 
Its circumference extends into three processes from a hollowed plane surface. The central process 
(the "nose") is flanked by a 8-12 nm rod-shaped structure ("stalk") and a more rounded 
("shoulder") process. The spatial relationship of the two ribosomal subunits has not been 
definitely determined butin the majority of ribosome models the head of the small subunit is 
located between the shoulder and the nose process of the larger subunit (Fig. 4)[14]. 
In the two subunits the RNA molecules assume a more central and the proteins a more 
peripheral distribution. The RNA in the smaller subunit has a V-shaped conformation. Im- 
munelectronmicroscopy using antibodies against a RNA with methylated adenosines shows the 
distribution of the two RNAs in the subunits. Crosslinking of the different portions of the RNAs 
and between RNAs and proteins has contributed to the mapping of the spatial organization of 
each RNA within the subunits, also indicated in Fig. 4[7]. 
Information about the actual distribution of ribosomal proteins is obtained after electron- 
microscopically discernible antibodies to the respective proteins are bound to the ribosomal 
particles. 
Reassociation tests with the components of the small subunit revealed that one set of 
proteins binds directly to RNA. A second set of proteins binds to the particles after the initial 
RNA protein core has been formed. Binding of a third set of proteins depends on the presence 
of the second set of proteins. The reassociation of all components produces a particle that is 
functionally fully active. 
From this description, we can see that the structural organization of the last phase in the 
expression of the genetic information system involves again a highly asymmetric structural 
organization. Neither the shape of the ribosome itself nor the distribution of the protein and 
RNA components within the ribosomal particles how detectable symmetry. 
3. THE ASYMMETRY OF CELLULAR MECHANICAL WORK 
As a last example of asymmetric organization, we will consider the conversion of metabolic 
energy into mechanical work by the functional unit in muscle contraction. Skeletal muscle very 
clearly shows several levels of organization. The molecular components of its contractile system 
are the proteins myosin, actin, tropomyosin and troponin. The myosin molecules form thick 
filaments and the actin complex forms thin filaments that are arranged in the muscle fiber with 
extraordinary egularity. 
The basic functional unit in this system is asymmetric and consists of two components, the 
myosin molecule and the actin-tropomyosin-troponin complex, respectively. In the presence of 
Ca + + ions and supply of metabolic energy in the form of reactive adenosinetriphosphate mol- 
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change, presumably affecting the position of the myosin head, produces a translocation of the 
actin complex (Fig. 5)[4]. Both the myosin molecules and the actin complex are organized into 
filaments in parallel arrays so that the translocation is repeated many times. By this ampli- 
fication of the molecular translocation, the actin filaments are pulled into the array of spaces 
between the myosin filaments and the ntire muscle shortens on a macroscopic scale. 
We can see in this example that the basic functional unit is again essentially asymmetrical. 
When such units are assembled into higher levels of organization, structures can arise of 
extraordinary regularity with several forms of symmetry. This is quite evident in longitudinal 
and transversal views of muscle structure. 
This discussion of asymmetries in cellular organization does not imply that symmetry has 
no place in the cellular or organismic forms of life. We can hardly imagine symmetries more 
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Fig. 5. Two models of the functional unit of muscle contraction showing the actin complex and the functional 
portion of the myosin molecule in the course of contraction. The models demonstrate that he change in the 
conformation f the myosin molecule leads to the translocation f the actin complex. The actin complex is 
represented by the double helix ofpolymerized single globular actin molecules and does not show the tropomyosin 
and troponin components of the actin complex. The single actin-myosin u it is asymmetrical. The alignment 
of multiple asymmetric units produces a highly regular repeat p tern of muscle structures on several dimensions 
that show many forms of symmetry. (Reproduced from Cell and Muscle Motili~. Vol. 2, 1982 with permission 
from Professors S. C. Harvey. H. C. Cheung and Plenum Press.) 
exquisite than those of the silicate skeleton of a diatom, the paracrystalline r gularities of muscle 
filaments or the components of flagellae of ciliates and the many patterns and shapes in plants 
and animals. Both symmetry and asymmetry have their place in the organization of living 
matter. At any level of organization, functioning l ving systems are found sometimes in a state 
of symmetry and at other times they are in a state of asymmetry. The trotting horse, the individual 
smoking a pipe and reading the newspaper, the dancer, do not exhibit symmetry in their 
momentary poses. On the other hand, flying birds will exhibit symmetry most of the time. We 
are thinking of vertebrate organisms as symmetric structures. This symmetry is limited and 
refers only to the gross surface structure. It is general knowledge that the left and right halves 
of the vertebrate body differ in detail, as in the case of the human face. The interior of the 
vertebrate body has many asymmetric aspects uch as the distribution of the digestive system 
and the liver, the heart and aorta. The brain appears to be highly symmetrical but it is functionally 
highly asymmetric. The symmetric distribution of the eyes of a larva of the flounder move to 
highly asymmetric positions in the adult animal that spends most of its existence lying on the 
mud of the bottom of the sea bed. 
In living systems neither symmetry nor asymmetry are determined by some fundamental 
logical requirement. Both forms of organization are the result of evolutionary or developmental 
adaptations. In our world as a whole, symmetries may more readily attract attention and represent 
states of quasi equilibria that are amenable to theoretical treatment. They are in this sense useful 
artifacts of the human mind imposed on some forms of nature. 
In conclusion, we propose as a rational that the asymmetric form of cellular organization 
is related to transformations of energy. Therefore, asymmetry may be associated with dynamic 
states of cell systems. Symmetry is perhaps primarily expressed in the more static end products 
of the energy utilizing process. Presumably, a cell with a perfectly symmetric structure would 
be dead and asymmetry is a requirement for the maintenance of the living state. 
Parts of this paper are taken from a manuscript to be published at a future date by Harper 
& Row Publishers, Inc., N.Y. under the title, "An Approach to Cell Biology". 
Acknowledgements--I am indebted to Dr. Judith Kelly for her valuable suggestions i  preparing the manuscript. 
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